We use ab intio density functional theory to investigate the adsorption properties of acetylsalicylic acid or aspirin on a (10, 0) carbon nanotube (CNT) and a (8, 0) triazine-based graphitic carbon nitride nanotube (CNNT). It is found that an aspirin molecule binds stronger to the CNNT with its adsorption energy of 0.67 eV than to the CNT with 0.51 eV. The stronger adsorption energy on the CNNT is ascribed to the high reactivity of its N atoms with high electron affinity.
I. INTRODUCTION
Acetylsalicylic acid (ASA), also known as aspirin, has been one of the most widely used medications in the world due to its well-known effects of reducing fevers and relieving aches and pains. Aspirin has been used to help prevent heart attacks, strokes, blood clot formation and suppression of prostaglandin owing to its antiplatelet effect of decreasing platelet aggregation and inhibiting thrombus formation.
1 It has also been reported that aspirin has an anticancer effect 2 and a precautionary effect on stroke 3 . Despite of such good effects, however, it has been warned that such a famous non-prescription medicine may provoke some adverse effects and thus people should avoid its substance (drug) abuse and misuse.
Because aspirin has an effect on the stomach lining, it is recommended that people with gastroenteric disorders such as gastritis and peptic ulcers take medical advice before using aspirin. When aspirin is taken with alcohol, stomach bleeding may occur even to healthy people. Therefore, it is important to measure the amount of ASA molecule in solution or in human body.
Carbon nanotubes (CNTs) are thin and long macromolecules of graphitic carbon that have attracted huge academic and industrial interest because of unique physical and chemical properties [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . One of the attractive characteristics of the CNT is a very large adsorption surface area [15] [16] [17] Carbon nitride compounds have been studied in various area such as electronic devices, humidity sensor, and coatings because of their electronic and chemical properties [30] [31] [32] . They have various structures, depending on their carbon to nitrogen atomic ratio and arrangement.
In this study, we focus on a graphitic carbon nitride (g-C 3 N 4 ) nanotube (CNNT), triazinebased form. Recent studies report g-C 3 N 4 nanotube with respect to synthesis and first-principles calculations [33] [34] [35] [36] . Various adsorption properties are expected because of the unique porous structure.
In this paper, we present a first-principles study of binding properties of ASA on the bare CNT and the bare CNNT. ASA binds to pristine CNT (CNNT) with binding energy of 0.51 eV (0.67 eV), and no practical charge transfer takes place. According to our analysis on the electronic structure, CNT with ASA adsorbates does not show significant characteristics, but CNNT with ASA adsorbates show noticeable effects. Because of the structure of the CNNT, local electric dipole moments occur and interrupt exchange of electrons between the ASA molecule and the CNNT. Finally we discuss homogeneous external electric field (Efield) effects on the CNNT with ASA adsorbates. The response of nanotubes to the E-field is attractive for the application to electric devices.
II. COMPUTATIONAL METHOD
Using the first-principles calculations based on density functional theory (DFT) 37,38 , we examined the CNT and the CNNT with respect to the adsorption of ASA. The electronic wavefunctions were expanded into plane waves up to a cutoff energy of 450 eV, and the ion-electron interactions were described using the projector augmented wave method implemented in the Vienna ab initio simulation package (VASP) 39, 40 , within the generalized gradient approximation (GGA) method 41 . To better describe interaction between ASA and nanotubes, we considered van der Waals interaction using Grimme's method (DFT-D2) 42 .
All the model structures were relaxed until the Hellmann-Feynman forces were smaller than 0.03 eV/Å. We chose the (10, 0) CNT and the (8, 0) CNNT as host materials for molecular adsorption. For the calculation of the ASA molecule in vacuum, we used a cubic supercell with a length of 30Å. The Γ-point were used in calculations of the isolated ASA molecule.
The lengths of the supercell along the tube axis were 16.05Å for the CNT, and 15.72Å
for the CNNT, respectively. We used one k point (the Γ-point) for the nanotubes in the We conclude that it is difficult to detect ASA using the CNT or the CNNT in the absence of external E-field. Table I summaries the adsorption energy and the distance between the ASA molecule and the tube wall for each adsorption configuration. We find that ASA binds more strongly to the CNNT than the CNT.
To understand the difference in the adsorption energy between the CNT and the CNNT,
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(a) we studied the interaction between the ASA molecule and the CNT and CNNT in more detail. Fig. 3 Table I . We conclude that the aspirin molecule adsorbs more strongly on the CNNT than the CNT owing to the dipole-dipole interaction.
where V dd is a potential energy for dipole-dipole interaction, and p i and r i (i = 1, 2) are the i-th electric dipole moment and its position, respectively.
To check whether the nanotube can be applied to a detecting device for ASA molecules, we checked effects of external E-field on electric property of the bare CNNT and ASA-adsorbed CNNT. In a single-gated field effect transistor, an E-field is generated by an applied gate bias between the gate and the nanotube. adsorbed CNNT is not affected very much by the E-field perpendicular to the tube axis.
In contrast, the ASA-adsorbed CNNT show remarkable characters in the band structure, depending on the direction of the transverse E-field, as shown Fig. 4 . We chose four directions of the E-field (±x and ±y), which were all perpendicular to the CNNT axis direction. The E-fields in ±x directions may enhance electronic coupling between the ASA molecule and the CNNT, whereas the fields in the ±y directions show the weak ASA-CNNT coupling. appear as the in-gap states. In both ±y directions, external E-field does not cause strong ASA-CNNT coupling enhancement, which is related to the reflection symmetry. The band gap of the bare CNNT is also reduced under external E-field, but there is no localized states in the energy band gap in this case. In real situations, the CNNT would be coated with ASA molecules randomly, and thus any direction of the E-field makes the ASA states occur in the forbidden band. Such in-gap states could result in the scattering in the electron transport, which would be reflected in the current-voltage curve in experiment. Consequently, the C 3 N 4
nanotube-based sensor device may detect the ASA molecules using the gate bias voltage (or external E-field).
IV. CONCLUSION
In summary, we have performed ab initio calculations within density CNNT. ASA is adsorbed more weakly on the CNT than the CNNT. Since CNNT have local electric dipole moments, it causes a stronger binding to ASA than the CNT owing to dipole-dipole interaction of the CNNT with the ASA molecule. When a homogeneous external electric field is introduced, the band gap of the CNNT decreases dramatically in the presence of the ASA adsorbates. Especially, when +x direction is applied, in-gap states of aspirin molecule occur.
Thus we expect that CNNT could be used in application to chemical sensors based on the field effect transistor.
